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Undulator A Diagnostics
at the Advanced Photon Source

P. llinski

1. Introduction

Diagnostics of UndulatoA#2 (UA2) radiationwas performed duringhe October
1997 run at the Advanced Photon Source (APS). The UA2 undulator is a standard 3.3-cm-
period APS Undulator A1], which was positioned downstream frahe center of the
straight section at Sector 8. The diagnostics included the angular-spectral measurements of
the undulator radiation to determine the undulator radiation absolute sfiestrahd the
particle beandivergence. The results ofthe absolute spectrdlux measurements are
compared to the undulator spectrwalculatedfrom measured undulatanagneticfield.
The particle’s energy spread was determined from spectra comparison.

Previously, we reported the first measurements made on UndulatdhdARS [2,
3]. The purpose ofthe present report is to summarize tesults ofthe diagnostics
performed on the Sector 8 undulator at the request dMRECAT staff, and to present a
more generabiscussion of undulatoradiationsources athe APS anddetails of their
diagnostics.

2. Diagnostics Setup and Experimental Conditions

2.1. Setup

The undulatordiagnostics setup included a pinhole slit assembly to reduce the
incident power and to define the angular acceptance and a crystal spectfonaisolute
spectral flux measurements [2]. All components were mounted on a st&Rfaaptical
table with five degrees of freedom, so that the setup axis could be adjusted to the axis of the
undulator radiation and transvesganscould beperformed. The setup wadgnstalled in
the first optical enclosure (FOE) after two 2x250 Be windows. The setup entrance slits
were 15Qum horizontal by 75um vertical, positioned &8.0 mfrom the undulatorcenter
and 29.25 mfrom the center of the straiglgection. A single-crystaspectrometer
combined a Si(111) crystal monochromator and two ion chambers to measure the intensity
of the reflected beam. The ion chambers had a 10Gaative pathand werefilled with a
nitrogen gas, whose pressure and temperature were monifbinedise ofthe second ion



chamberallows one to double-checthe ion chamber efficiency and tminimize the
background due to the fluorescent scattering from the crystal. The current measurements of
the second chamber were used to deduce the absolute flux d@edeam patifrom the

Be window tothe crystalwas kept in a Heatmosphere. Amxit window and the ion
chambemwindows were 25m-thick Kapton. Aprogram fordatahandling and analysis

was written using the IGOR C-like language [4].

2.2. Spectrometer Energy Calibration

The undulator deflection parameter can be determiimeed the undulator harmonic
energy position. Comparison of the measured ahclilatedundulator transverse profiles
also requires precise knowledge of the spectrometer energy.

The energy scale of the crystal spectrometas calibratedusing K-edges: Ni (8333
eV), Zn (9659 eV), Ge (11103 eV) and Zr (17998 eVhe results ofthe calibration with
Zn and Zr are shown in Figure 1 and Figure 2thinenergy rangfom 7 to 20 keV, the
spectrometer absolute energy soafs accuratewithin 15 eV. Energycalibration was
repeated every shift and was found reproducible within 2 eV.

2.3. Storage Ring Lattice Parameters

The storageing lattice parameters define the particle beam sarel divergence,
which greatly affect an undulator radiation spectrum. The beam size and divergence can be
obtained at any point of the storageg by knowingthe beam emittancend thealpha,
betaand dispersion function®]. Undulatorsare installed in the straigisiections of the
storagering, wherethe alpha and thdispersion functiorare zero at th&\PS, and the

particle beam will be fully characterized by the beam emittanesd the betéunction, .

The vertical emittance can be minimized dgjustinglattice parameters and may less
than 5% of the horizontal emittance value.

A particle beam in a well-behavesorage ring has a Gaussian distribution in the
phase space and can be represented by a sigma contour thathiastedlipse [5]. At the

locationwherethe betafunction is minimal,3,, the maximunrms beamsource size and

divergence are equal tg, = \/¢B, and o',= \/e/B,, respectively, andhe beamphase

ellipse is upright.
The resulting undulator radiation is a convolution of the undulator radiatioted

by one particle and the partidie@am. The range of th¢, value deviations will determine



the range of the beam source size and divergence changes, which will changgitinem

radiationintensity. Atthe APS, the 3, location defines mainly thgosition ofthe source

(see Section 3.2). Therefore the variation ofghcation will change the distance to the

source.
The beta function measurements were performed bydbeleratorSystemDivision
(ASD) at theAPS. The results ofthe measurementhowedthat the value of théeta
function at the quadrupoles SXXB:Q1 and SX(X+1)A:Q1, wtaoh at the beginning and
the end of the straight sectiamay vary fromthe designvalue and may not be equél.
In the case that they are not equal, the location ofmihenum betafunction will be away
from the center of the straight section.
The betafunction in the straightsection, that is free space, hasthe form

B(2) = B, + Z° 1 B,, wherez s the distance from thg location. The minimum value of the
betafunction and its positioman be calculated bynowing values othe betafunction at
the beginning and at the end of the straight section andetaéunctionform, 3(z). The

ASD beta function measurements were made at the centers of the SXXB:Q1 and SXXA:Q1
guadrupoles, which are 0.5 m lon@he betafunction values can be evaluated at the end
and the beginning of thguadrupoles, which correspondthe beginning and the end of
the straight section. The distance between the SXXB:Q1 quadrupole end and the beginning
of the SX(X+1)A:Q1 quadrupole igqual t06.72 mand defines theptical length of the
straight section.

The betafunction measurements wemeadefor a standard APS storage-rifgjtice
(designedbetafunctions) and for dattice with a low vertical betafunction configuration
[6]. The betafunction measured at thguadrupole’s centers, and thosealuated at the

beginning and at the end of the straight section, andalealatedcorresponding3, values

and locations are given in Table 1 for Sectors 2, 3 and Bidatandard AP3attice. The
same parametefer Sectors 35 and 3&re summarized in Tablefar the low-betdattice

configuration. Ascan beseen from theséables,the B, values vary fromthe design

specification as much as 20%, and the position may be up to 1.8 m away from the center of
the straight section.

The betafunction measurements were performed at Secfor &e standardlattice
configuration onl1/17/97,after the undulatodiagnostics was completed’he measured

B, value at Sector 8 and its location are close to the design specifications.



3. Undulator Diagnostics Results

To evaluate undulator performance, the measured undilladnas to becompared
to the calculatedlux. The angular spectral characteristics an ideal undulator with
sinusoidalmagnetic fieldwere calculatedusingthe program U§7]. Spectral flux of the
real undulatorwas calculatedfor a particular undulator fronthe measureanagnetic field
[8] by use ofthe program UR[9]. The undulator radiatiorilux calculations require
knowledge ofthe undulator deflection parametelue,distance to thesource,slit sizes,
and particle beam parameters: horizordald vertical rms beam sizeand divergence. To
make a reasonable comparison between flux calculations and absoluteeflaMrements,
the accuracy of these parametginsuld be known deast to the samerder ofmagnitude
as the accuracy of the absoltitex measurementsself. Individual error contributions to
the absolute flux measurements are discussed in Section 3.4.

3.1. Undulator Deflection Parameter Value

For an ideal sinusoidal trajectome undulator deflection parameté€ris interpreted
as the maximum deflection angle in unitslgf K =0.934A [cm]B,[T]. An effectiveK

value of 1.217 was determined from the UA2 magnetic measurements at algap aim
[10]. The measured peak magnetic field at a gap of 18.5 mm wa925 .

A spectrum of the first undulator harmonic measured at a gap of 18.5 mm is shown in
Figure 3; it is compared to that calculated for an ideal undulator with an undulator deflection
parameter value oK=1.217. The two spectra differ by an energy distance of 60 eV,
indicating that the actudl value at the given gap size is larger tha?17. The K value
that corresponds to the measured spectrum was foundlt@2@, which is demonstrated
by the match of the measured aradculatedundulator spectrums fd€=1.228 (Figure 3).

The largeK value could be due to the higher peasignetic field by a factor of 4Gauss
or by a 94um smaller gap size, corresponding to a 18.406 mm gap exdwtreasons for
theK value discrepancy have to be investigated.

3.2. Radiation Source Position

To calculate the undulator radiatiiox, one musknow the distancdrom the setup
entranceslits to the radiationsource. Photonemitted by particles travelinglong the
undulator form a real source. We will call the radiation emitted bypartele the intrinsic
undulator radiation. The resulting undulator radiation is a convolution of the intrinsic



undulator radiation and thgarticlebeam. The increased total angulapread,due to the
convolution, will form an effective source. In the case of no divergence introduced by the
undulator,the effectivesource position will be ahe location atvhich the particle beam

phaseellipse isupright, that is the, location. Wherthe intrinsic undulator divergence

cannot be neglected, the effective source position will not coincide wiff theation.

A phase space representation can be used to obtain the eféectree positiof11].
The particle beam has a Gaussian distribution in the phase space; it can be characterized by
the sigma contour that is the phase ellipadter translationfrom the uprightphaseellipse

position, theB, location, to the center de undulator, which is atlistancel, the particle

beam phase ellipse will take the form:

M Lgo, O0Q [, Lo',O
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The choice of the undulator center as the nonpoaltion ofthe realsource isacceptable
for the on-axis flux calculation in the far fielbne. In this casdhe error in averaging of
the aperture solid angle is small.

At the nominalposition ofthe realsource,the particle beanphaseellipse will be
convoluted withthe intrinsic undulator radiatiophase ellipse. The intrinsic undulator
radiation phase ellipse is represented by the intrinsic undulator source size and divergence.
The source size othe intrinsic undulator radiation in theray energy range isnuch
smaller than the particle beam semad can be neglected. The angular distribution of the
intrinsic undulator radiation is characterized in fiist approximation bythe sir?(x)/x

function. Forthe on-axisradiation at the fundamental harmorgoergy, E,(6=0), the
intrinsic undulator radiation divergence can be approximated Ggussian distribution

with the rms divergence equal t, = 1/2y+/(1+ K?/2)nN [12], wheren is the harmonic

number,andN is the number of undulat@eriods. The convolution of thdeamphase
ellipse with the intrinsic undulator radiation phase ellipse will result in a new phase ellipse:

o, Lo,
EO \NO' 2+0'; E

To obtain the effectivesource position, we transforthe convoluted ellipse back by a
distanceX:
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The effective source position corresponds to the locatiarhiah the convoluted ellipse is
upright. The upright ellipseposition is atthe pointwhere there is no ellipse tilting,
resulting in:

Lo',-X|a'Z+0'? =0.

u

The distance from the nominal position of the real source to the effective source position,

depends onhe ratio of the undulator intrinsic divergence to plagticle beandivergence.
The calculatedlistancesX, and [ - X), that is the distanckom the 3, location to the
effective source positionare presented ifiable 3. The distande of 1260 mmbetween
the undulator center and tfiglocationwas usedwhich corresponds tthe 3, location at

the center of the straigbection. The calculationrwas madefor the first harmonic with
K=1.228, which has the rms intrinsic divergence of F&d. Inthe horizontadirection,
the beam divergence is dominating over the undulator intrinsic divergence, and the effective

source position is close the 3, location. Inthe verticaldirection,the undulator intrinsic
divergence is comparable to the beam divergence, and the efaminee position i§.55
m away from thes, location.

The above approach for defining the effective source position is based on knowledge

of the 3, location; it demonstratefat the ratio of thendulator intrinsic divergence to the

particle beam divergence finally determines the effecituerce position.The 3, location

can vary during the run, stetermination of the effectiveource position by means of the
above method may be not reliable.

Another approach to determine the effectiseurce position is based on the
measurements of the undulateeamtransverse profile ahe detuned harmonienergy,

which is less thathe fundamental harmonenergy,E,(6=0. As wasmentionedabove,



the radial angular distribution of the undulator radiation is characterized tsint(e)/x*

function, wherex=riN((E-nE)/E, is the function of angle anehergy,n is the harmonic

number,N is the number of undulatqeriods,andE,=E ,(6,K) is the energy of thérst

harmonic. The angular distribution at the detuned eneagyhe shape of a holloveone;
the profile peaks appear at particular anglefor a given detunedenergy. Figure 4
demonstrates their?(x)/x¢ function angular distribution at the fundamental harmonic

energy E,(6=0), and at two detuneldarmonicenergies. Twavertical profiles of the first

harmonic calculated at.3 keV for an ideal undulator at distances of 27 and 28 m are
compared to a measured vertical profile in Figure 5.

The distances to theource were obtained frofitting the calculated profile to the
measured profile by varying thdistance. In realitythe distance to theource and the
beam divergences are obtained simultanealisting the transverse profile’s fitting. The
source-to-slit distances obtained by th® methodsare summarized in Table 4For the
standard lattice, the distance from the slits to the source was determined 1802 of in
the vertical directiorand 28.0 m inthe horizontaldirection. The distance o28.0 m
coincides with the undulator center. The value of horizontal distance has to be used for the
flux calculations because the horizontal beam divergence dommagethe vertical beam
divergencewhen a two-dimensional convolution is performeHor the low-betalattice
configuration, the distance to the source was found to be 27.@ha horizontal direction
and 28.3 m in the vertical. The distance of 27.6 m was used for the flux calculations. The
horizontal distances determined frahe profile measurement are smaller thanvitrtical

distancesindicating thatduring the measurements tif&s locationwas downstreanfrom
the undulatolcenter. The betafunction measurements at Sectofo8 the standardlattice
configuration, presented ifable 1,showed arupstreamg, location shift of 0.2 m, but

those measurements were not performed at the same time as the undulator diagnostics.

3.3. Particle Beam Divergence

Particle beam divergence can be determinah the undulator radiatiotransverse
profiles. The profiles were recorded #te detuned harmonienergy, whereghe angular
distribution of the undulator radiation is characterized hokow cone (Figure4). The
angular width ofthe peaks atthe detuned energy is smaller than at the fundamental
harmonic energy, whenthe maximum intensity i®n-axis. Analysis shows that the

minimum width of thepeaks occurs at a detuned energyepf2, corresponding to &/y



off-axis angle, buthe intensity of thepeaks is very small.Therefore a compromise is
made: the detuneehergy has to be chosen that thewidth of the maximum is smaller

than the beam divergen@nd thesignal-to-background ratio ikigh. Recording the
angular distribution at the detuned harmonic energy allows one to imiaecuracy of

the beam divergencmeasurements, becauiee beam divergence dominateger the
undulator intrinsic divergence. That is especially important for the vertical beam divergence
measurements at th&PS, wherethe vertical beam divergence can be smaller than the
undulator intrinsic divergence at the fundamental harmonic energy.

The measured anguldrstributions ofthe undulator radiation at the detuned energy
were slightly asymmetrical, whiotomplicated the beam divergerdetermination. When
the angulardistributions were measured thte detuned energ{7.3 keV) of the first
harmonic,the standardattice configuration peaks differed by 7% for batie horizontal
and vertical directions, Figure 6 and Figure 7The peak'sdifferencefor the low-beta
lattice was 4% forhorizontal measurements and 1fés vertical (Figure 6, Figure 7).
Therewas lessasymmetry in the horizontal directidor both lattice configurations at the
detuned energy14.5 keV) of thesecondharmonic:0.7% forthe standardlattice and no
asymmetryfor the low-betdattice (Figure 8). Fronthe fact that the asymmetghanges
for different lattice configurations, it is possible to assurti@t the asymmetry of the
profiles is due to the particle beam and is not caused by the nature of the undulator magnetic
field.

The horizontal andvertical particle beandivergences were derived by fitting the
calculatedprofiles tothe measuredransverse profiles.The program USwas used to
calculate the transverse distribution; the variable parameters wemsheamdivergence,
the rms beamsize, and the distance to ts®urce. The distance can be considered as an
independent parameter thdefines the separation between profileaks,but the beam
divergence and beam size parameters are coupled. The transverse profile at & @istance
convolution of the undulator radiatiawth the particle beam that can kepresented by a

Gaussian distribution with rmsize equal to the/o” +(zo')?>. The beam size can be

obtained from independent measurementgstimated if thef, value and position are

known. If the beam size isiot known preciselythe uncertainty introduced by the
undefined rms beam size will decrease with distartea. profilesmeasured at 28 m, a
50 um uncertainty in the rms horizontal beam size will giweGa9purad uncertainty for the
horizontal rms angular divergence, antl20 um uncertainty in thems vertical beam size
will give a* 0.3prad uncertainty for the vertical rms angular divergendee influence of
the beam angular divergence parameter on the vertical profeovn in Figure 9, where



vertical profiles calculated a¥.3 keV energy fordifferent rms beam angular divergences
(2.5, 3, 4, jurad , and for a 4Qm beam size) are shownThe results ofcalculations for
different rms beamsizes(20, 40, 60um, and for a 4urad rmsbeam divergence) are
plotted in Figure 10.

The azimuthabistribution of the planar undulator radiation at the detuned harmonic
energy is anisotropic. This propemyas used talefine thebestexperimental condition
combinationfor the divergenceneasurementsThe vertical profile of thdirst undulator
harmonic was used to determine the vertical beam divergence. The horizontal profile of the
second undulator harmonicas used taletermine the horizontal beadivergence. The
vertical profiles were measured at energy 708 keV,while the maximum of thdirst
harmonic was at 7.99 keV (18.5 mm gaphe horizontaprofiles were measured &a4.5
keV, with the maximum of the second harmonida# keV (18.5 mm gap). The results
are summarized in Tablednd areshown forthe standardattice in Figure 11 and Figure
12 and for the low-beta lattice in Figure 13 and Figure 14.

3.4. Absolute Flux

To evaluate thaindulator performanceexperimentalresults have to beompared
with calculations. Undulator spectral fluas calculatedusingthe program URrom the
undulator UA2 magnetic fieldmeasured at a gap df8.5 mm [10]. The undulator
horizontal trajectory calculatddom the measuredhagnetic fieldhad a 7grad inclination
angle with respect tthe geometricalindulatoraxis. Toverify the actual direction of the
undulator radiation, a set of singarticle spectravas calculated, Figurd5. The axis of
the radiation corresponds to the spectrum with the maximum intensity and highest harmonic
energy. Figure 15 shows thi&e first harmonic hadnaximum intensity ad.2 mm in the
horizontal direction at 28 m frorthe source, thisdirection was used forthe on-axis
undulator spectral flux calculation.

A set of theflux measurements performedgaps 0f18.0, 18.5,and19.0 mm are
presented in Figure 16. In Figure 17, Figure 18, and Figure 19 the absolute flux measured
at a gap of 18.5 mm is compared witle flux calculatedfor the idealundulator and from
the measuredmagnetic field for the first, third, and fifth undulator harmonics,
correspondingly. Flux was calculated through the 150 pxn7pinhole at distance of a 28
m and with the standard lattice beam parameters determined fronedserementd,able
5. The angular acceptance of the slit apenvas 5.4urad (horizontally) by2.7 prad
(vertically), that is small compared to the fullidth at half maximum (FWHM) of the
measured undulator radiation at theximum intensityenergy of thefirst harmonic(8.0



keV), which was 62.8rad (horizontally) by 19.3urad (vertically); for higher harmonics,

the FWHM will be approximately/'n timessmaller. Thughe angulaflux density of the
first, third and fifth harmonics can be obtained by dividing the measilmedby the
acceptance solid angle. The undulator deflection parameter detefromeitie measured
undulator spectrum wds=1.228, whileK=1.217 corresponded tbe undulatomagnetic
field at a gap ofi8.5 mm. Tomatchmeasured andalculated spectranergyscales, the
energy scale of thealculatedspectrumwas adjusted to & value 0f1.228. The flux
difference forK=1.217 andK=1.228 is less than 0.3% and can be neglected.

The width of the observed undulator harmonics is significantly broaithan the
intrinsic width of the undulatonarmonics, which fothe odd harmonics igpproximately
equal toE,/N, whereN is the number of undulat@eriods. The broadening is caused by
the beam emittance, undulatoagnetic fielderrors,finite-aperture-size, and ttgarticle's
energy spread. When calculating the undulator spectrum from the meamgeetic field
for agiven aperture andeamparametersthe only undefinedparameter is thearticle's
energyspread. Therefore the particlenergy spreadan be determined by varying the
energy spreadalue while calculating thendulator spectrum until the harmonigadth
matches thevidth of the undulator harmonic of the measurgoectrum. A particle's
energy spread of 0.085% was determined fthenfitting of the undulator thirkarmonic.

A comparison of the measured aodculatedFWHM of the undulator harmonics is
presented infable 6. For 0.085%particle energy spread,the harmonicwidth of the

calculatedfirst and fifth harmonicgloes notexactly match thewvidth of the measured
undulator harmonics. The calculated FWHM of the fifth harmon&3& eVcompared to
the measured value of 366 eV.

The broadening of the harmonics caused by the presence of the unchagteatic
field errors reduces the harmonic’s maximum intensity. Instead of using the rms field error
to evaluate the quality of the undulataagneticfield, the rms phase error wastroduced
as a figure ofmerit of theundulator spectral performancelhe ratio of the undulator
harmonic intensity with the rms phase errormf to an ideaundulator harmonic intensity

can be estimated a$, /I, =exp(-n°c,’), where n is the harmonic numbef13].

Undulator UA2 has a very small rms phase error value of 3.2 degrees, determined from the
undulatormagnetic field measurements agap of 18.5 mm. The broadening of the
harmonics caused by the presence ofbimm emittancand theparticle's energy spread
will additionally reduce the harmonics maximum.

The flux calculatedfor the measureanagnetic fieldwith zero and0.085% particle
energy spread is alsplotted in Figure 17, Figure 18and Figurel9. The relative

10



intensities of the harmonics are summarized in Table 7. The undulat@aftukatedirom
the magnetic fieldvith the determined beam divergeraned with0.085% particle energy
spread was normalized to 100%. As can be seen from Tatle mheasured absolute flux
at a gap ofL8.5 mm forthe first and third harmonics is within 1% adfie undulator flux
calculated from measured magnetic field, determined beam parameted<)&bfb energy
spread. The measured flux of the fifth harmonic is 15% less than calculated.

The range of the experimental errors and parameters errors andnheontribution
values to theflux measurement and comparisame summarized in Table 8.Error

distributions were considered to be flat with the rms valud/afl2 , whereA is therange
of the error contribution. The totalrms value was calculated as a&quare root of the
individual rms square's sum.

The fundamental energy of the first harmog6=0), for K=1.228 is 8.04 keV;, the

position of the maximum intensity is shifted by 50 eV &wwhted af7.99 keV, Figure 17.
The energyshift of the maximum intensity idue to theon-axis appearance of thiewer
energy photonemitted by theoff-axis particles. When the spectrum idetectedwith a
pinhole, the energy shift dhe maximum intensity isaused by thearticle beam angular
divergence. The angular divergence effecttfieron-axis undulator spectrum samilar to
the over-angle integration of the undulator radiation. As was mentaiyege,the angular
distribution ofthe undulator radiation in tHest approximationcan be represented by the
sin?(x)/X% function, Figure 4. The over-angle integration of then?(x)/%* function will
have a maximum at the detuned energ¥@1-1/N) [12]. This energy valuean beused
as a lower limit of the maximum intensity position. An exact shift is smaller because of the
Gaussianangular distribution of thearticle beamand because the undulator radiation
intensity is decreasingghenthe off-axis angle isincreasing. The finite aperture size will
produce an additiondw energy shift ofthe intensitymaximum. Anestimated energy
shift of the maximum intensityfrom the fundamental harmonic ener¢8.04 keV) is
E /N=115 eV, and the actual difference was 50 eV.

A comparison of the on-axis flux densities of the first harmonic measured at a gap of
18.5 mm for the standard lattice and the low vertical beta lattice is shown in Figure 20. The
harmonic FWHM increased from 178 eV for the standard lattice to 211 eheftow-beta
lattice. The rms vertical divergence increased fRfhurad forthe standardattice to 5.9
prad forthe low-beta lattice, while the horizontal divergence decrefised 24 prad to
22.5 yrad because dhe larger horizontal betanction (se€lable2). The on-axis flux
density decreased to 92% of that for the standard lattice configuration. The flux density did
not change significantly because of the horizontal divergence domimststhe vertical
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when two-dimensional convolution withe particle bearwas performed. Nevertheless,

the larger vertical divergence for the low-beta lattice could require increasing the size of the
vertical aperture of thapparatus taollect the same totahoton flux as forthe standard
lattice case.

4. Conclusions

The results ofthe undulator UAZdiagnostics showethat theundulator spectrum
measured at different gaps (18.0, 18.5, 19.0 mrapse to what one could expect. At a
gap of18.5 mm,the measured undulatfiux is in a goodagreementvith the calculated
flux. Flux calculations were performed with the measured undulator UA2 magnetic field at
a gap of18.5 mmand withthe particle beandivergence,particle energy spread, and
distance to the source determined from the undulator radiag@surements. Diagnostics
were done forthe standard storage rinigttice and forthe latticewith low vertical beta
function.

For the standard lattice, the measured absolute flux for the first and third harmonics at
a gap of 18.5 mm wawithin 1% of thecalculatedundulatorflux. The measureflux of
the fifth harmonic was 15% less than calculated.

For the low-beta lattice, on-axis flux densitytbé first harmonic decreased to 92%
of that for the standard lattice configuratiomhe flux density did not change significantly
because the horizontal divergence dominates the vertidaén two-dimensional
convolution is performed. Neverthelesise larger vertical divergender the low-beta
lattice configuration could require increasing the size of Wegtical aperture of the
apparatus to obtain the same total photon flux as for the standard lattice configuration.

Beam divergence was determined fréme measured undulattansverse profiles at
the detuned harmonienergy, which is lesghan the fundamental harmongnergy.
Measuring angular distribution at the detuned harmonic eradlgys one to improve the
accuracy of the beam divergereealuation, becaugbe beam divergence dominatager
the intrinsic divergence of the undulatadiation. Howeverthe observed asymmetry of
the undulator transverse profiles at the detuned energycamaplicate theanalysis. From
comparison othe profile asymmetriefor different storage rindattice configurations, the
assumption wamade that the asymmetry effectdge to the nature of thearticle beam
rather than a property of the undulator.

Undulator transverse profile calculations requires knowiegvalue of the undulator
deflection parametdf, which wasdetermined fronthe energyposition ofthe measured
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first undulator harmonic.The undulator measured deflection parameter at a g4;8.6f
mm wasK=1.228, which differs fromthe valueK=1.217, calculatedfrom the magnetic
measurement. The larg€value could be due tilve peak magnetic field beidggher by
40 Gauss or by the gap size being smaller byr@4

It was foundthat theundulator second harmonic profile is more sensitive to the
horizontal beam divergenahangesand theodd harmonic profiles tahe vertical beam
divergence. The rms particle beam divergences of@@@rad (horizontal) and 319.3
prad (vertical) were determined for the standard storage ring lattice configulgi&np.9
prad (horizontal) and 519.3 prad (vertical) for the low-betaconfiguration. Wherbeam
divergence is determined frothe transverse profileshe mainsource ofthe systematic
error is the inaccuracy of the beam size.

A particle energy spread of 0.085% waetermined from fittinghe calculatedvidth
of the third harmonic to the measurede. For a 0.085%article energy spread, the
harmonic widths of the calculatedirst and fifth harmonics do nogxactly match the
measured widths of the undulator harmonics. The calculated FWHM difth harmonic
is 330 eV compared to 366 eV for the measured harmonic.

The betafunction measurements in the straiglction, performed by ASChave
shownthat the minimum bettunction position, whichmainly defines the location of the
effective source at the APS, may be up to 2 m away fhententer of the straigkection.
To avoid uncertaintythe distance to the effectiveource wasdetermined from the
undulator transverse profile measured at the detuned harergrgy, where pealeppear
at a particular angle for a given detuned energy.
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Table 1. Standard lattice. Designed and measoe&functions,

correspondingg, values ang, locations

Sector Date of B B B B B, B3, position
NO.  measurement center str.sect. center str.sect. from the center
B:Q1 starts AQl ends of the straight
[m  [m [m  [m] [m] section
[m]
Designed Hor. 15.5 15.0 15.5 15.0 14.2 0.0
2 09/30/97 Hor. 19.4 18.9 18 175 17.4 1.8
3 09/30/97 Hor. 17.7 17.2 184 179 16.8 -0.9
8 11/17/97 Hor. 159 154 15.7 15.2 145 0.2
Designed Vert. 11.0 11.1 11.0 11.1 10.0 0.0
2 09/30/97 vert. 7.7 7.8 9.3 9.4 6.7 -0.8
3  09/30/97 Vert. 8.2 8.3 8.4 85 6.7 -0.1
8 11/17/97 Vert. 11.6 11.7 114 115 10.5 0.2
Table 2. Low-beta lattice. Designed and measbegdfunctions,
correspondingg, values ang, locations
Sector Date of B B B B B, B3, position
NO.  measurement center str.sect. center str.sect. from the center
B:Ql starts AQl ends of the straight
[m  [m [m  [m] [m] section
[m]
Designed Hor. 17.4 16.7 17.4 16.7 16.0 0.0
35 09/23/97 Hor. 16.9 16.2 174 16.7 16.4 -0.6
36 09/23/97 Hor. 16.6 159 17.2 16.5 16.2 -0.7
Designed Vert. 7.1 6.8 7.1 6.8 3.0 0.0
35 09/23/97 Vert. 3.7 3.5 10.8 10.3 - -
36 09/23/97 Vert. 5.2 5.0 9.5 9.1 35 -11
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Table 3. Position of the effective source

Undulator  Particle Distance from Distance from Effective

intrinsic beam the undulator e B, location  source-to-slit
divergence divergence centertothe g thg effective distance
K=1.228 effecti_v_e source ¢ rce position
[urad] [rad] position, X (L-X)
[m] ] [m]
Horizontal 5.8 24 1.22 0.035 29.2
Vertical 5.8 5.9 1.13 0.130 29.1
Vertical 5.8 3.9 0.70 0.550 28.7
Table 4. Effective source-to-slit distance
Method Lattice Effective source-to-slit Difference
configuration : between
distance horizontal and
[m] vertical
istances [m
di [m]
Horizontal Vertical
Calculation Standard 29.2 29.1 0.1
Calculation Low-beta 29.2 28.7 0.5
Profile Standard 28.0 28.2 -0.2
measurement
Profile Low-beta 27.6 28.3 -0.7
measurement
Table 5. Rms particle beam divergence
Rms angular divergencgrpd]
Standard lattice Low-beta lattice
Horizontal 24.0+0.9 22.5%0.9
Vertical 3.940.3 5.8+0.2

16



Table 6. Undulator harmonics FWHM [eV]. Calculated: US code - ideal magnetic
field, UR code - measured magnetic field; emittance included

Undulator harmonic number 1 3 5
Zero  energy spread (code US) 176 227 233
Zero  energy spread (code UR) 176 230 241
0.1% energy spread (code UR) 186 288 353
0.085% energy spread (code UR) 183 274 330
Experiment 178 274 366

Table 7. Relative undulator harmonic flux intensity [%]. Calculated: US cadtal
magnetic field, UR code - measured magnetic field; emittance included

Undulator harmonic number 1 3 5
Zero energy spread (code US) 103 124 155
Zero energy spread (code UR) 102 114 126
0.085% energy spread (code UR) 100 100 100
Experiment 99 101 85

Table 8. Range and rms values of the errors contribution to the flux measurement

Error source Error Contribution to
range the flux value
rms [%]
Experiment
Filters/air transmission 7% 2
Crystal integrated bandwidth 10% 3
lon chamber efficiency 7%
Beam current 3% 1

Parameter used for spectrum calculation

Rms particle beam divergence 0.9 [urad] 4
Particle’s energy spread 20% 3
Distance to the source +1 [m] 2
Slits size + 2 [um] 2
Total 6.7
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Figure 1. Crystal spectrometer calibration: Zn K-edge (9659 eV).
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Figure 2. Crystal spectrometer calibration: Zr K-edge (17998 eV).
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- - - calc. K=1.228
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Figure 3. Measured (solid) first undulator harmonic at a gag®6
mm compared to thosmlculatedfor K=1.217 (dots) and
K=1.228 (dashed).
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Figure 4.

Angular distribution of thesin®(x)/X¢ function at thefirst
undulator harmonic fundamental energ)6=0) (solid),
and at the detuned enerdy;(1-0.3/N) (dots), and E,(1-
1/N) (dashed)N=70.
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Figure 5. Measured vertical profiles at 7.3 keV (first harmoii8,5

0TX

mm gap) atthe distances: 27 rfdashed), 28 m (solid),

measured (dots).
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Figure 6. Measured horizontal profiles &3 keV (first harmonic,
18.5 mm gap),peaks differ forthe standard lattice
(dashed) by 7%, low-beta lattice (solid) - 4%.
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Figure 7. Measured vertical profiles at 7K&V (first harmonic,18.5
mm gap), peakdliffer for the standardattice (dashed) by
7%, low-beta lattice (solid) - 1%.
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Figure 8. Measured horizontal profiles atl4.5 keV (second
harmonic, 18.5 mm gap)eaks differ forthe standard
lattice (dashed) by 0.7%, low-beta lattice (solid).
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Figure 9. Calculated verticaprofiles at energy’.3 keV, g, = 300
um, o, = 24 yrad, g, = 40 um, for different rms beam

divergenceso, = 2.5 (dash-dot), 3.0 (solid), 4(@ots),
5.0 (dashjurad.
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Figure 10. Calculated verticaprofiles at energy’.3 keV, g, = 300
um, g, = 24prad, g, = 2.5 prad, fordifferentrms beam
sizes:g, = 20 (dash), 40 (solid), 60 (do{sin.
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Figure 11. Horizontal profiles at14.5 keV (second harmonic),
standard lattice. Measur¢dots) andcalculatedfor o, =
300um, g, = 24.0purad (solid).
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Figure 12. Vertical profiles at 7.3 keV (first harmonic) standard

lattice. Measureddots), calculatedfor g,= 50 um, g, =
3.9 urad (solid).
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Figure 13. Horizontal profiles al4.50 keV (second harmonic), low-

beta lattice. Measured (dotsplculatedfor g, = 300 um,
o, = 22.5prad (solid).

| | |
141 Vert. profile, 48
12k 1st harm. 7.3 keV
1.0 -1 6
3
(@) 08 I
e~
x 14
0.6
0.4
12
o2+ /e measured
. calculated, o0'=5.9 prad
0.0 ==X | | | | | : 0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Y [mm]

Figure 14. Vertical profiles at 7.3 keV (first harmonic) low-beta

lattice. Measureddots), calculatedfor g,= 50 um, g, =
5.9 urad (solid).
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Figure 15. Asingle particle undulator spectruntalculationfor the
measured magnetic field and different horizontal directions
[0.0 mm (dots), 0.2 mm (solid), 0.3 mm (dashed)] at 28
m. The undulator radiatioraxis corresponds to the
maximum intensityand higher harmonic energyalue,
which is at 0.2 mm (solid).
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Figure 16. Measured undulator absolute flux tbe first harmonic at

gaps of 18.0 (dot), 18.5 (solid), 19.0 (dashed), through
the 150 x 75um aperture at 28.0 m.
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Figure 17. Undulator firsharmonic absolute flux @he gap o0f18.5
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mm. Measured(solid), calculatedthroughthe 150 x 75
pum aperture at 28.0 m far, = 300pum, g, = 24.0 yrad,

for g, = 50 um, o, = 3.9 prad: ideal (dots), measured
mag. field and zero energy spread (dashed-dwgsured
mag. field and 0.085% energy spread (dashed).
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Figure 18. Undulatothird harmonic absolute flux #te gap ofl8.5

mm. Measured(solid), calculatedthroughthe 150 x 75
pum aperture at 28.0 m far, = 300pum, g, = 24.0 prad,

for g,= 50 um, g, = 3.9 prad: ideal (dots), measured
mag. field and zero energy spread (dashed-dwgsured
mag. field and 0.085% energy spread (dashed).
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Figure 19. Undulatofifth harmonic absolute flux @he gap 0f18.5
mm. Measured (solid), calculated throubk 150x75um

aperture at 28.0 m fag, = 300um, o,” = 24.0 prad, for

o, = 50um, g,” = 3.9 prad: ideal (dots), measurednag.
field and zero energy spreédashed-dot)measurednag.
field and 0.085% energy spread (dashed).
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Figure 20. Measured on-axis absolute flux density tfe first
harmonic at a gap 018.5 mm forthe standardlattice
(dashed) and low-beta lattice (solid).
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